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1. ABSTRACT 
3 1 5- 5- 3 

Cavi t a t ion  damage r e s i s t a n c e  of S t e l l i t e  6B, 316 s t a i n l e s s  

s teel ,  Cb-132MY TZM and T-222 i n  l i q u i d  sodium a t  400°F, 1000°F 

and 1500°F i s  r epor t ed .  

rameter  i n  eva lua t ing  t h e i r  r e l a t i v e  r e s i s t a n c e .  S t e l l i t e  6B 

e x h i b i t s  t h e  b e s t  r e s i s t a n c e  among t h e  metals  tes ted.  

The t e s t  d u r a t i o n  i s  an  important  pa- 

High f requency f a t i g u e  r e s u l t s  for 316 s t a i n l e s s  s teel  and 

TZM i n  l i q u i d  sodium a t  1000°F and a t  1500°F a r e  presented.  

f a t i g u e  of 316 s t a i n l e s s  s t e e l  i n  1500°F sodium a t  14000 cps i s  

compared with t h e  r e s u l t s  obtained i n  1500°F vacuum (3  x 

t o r r )  a t  4-5 cps and there seems t o  be  good agreement between 

these r e s u l t s .  

The 

c 

N o  stress cor ros ion  cracking o f  316 s t a i n l e s s  s t e e l  was 

observed i n  1000°F sodium up to 100 pe rcen t  y i e l d  over  a t e s t  

pe r iod  of 60 hours. * 
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11. INTRODUCTION 

This i s  t h e  t h i r d  progress r e p o r t  of a continuing i n v e s t i -  

g a t i o n  on t h e  c a v i t a t i o n  damage r e s i s t a n c e  of r e f r a c t o r y  a l l o y s  

i n  high temperature l i q u i d  sodium. A con t ro l l ed  environment 

t e s t  f a c i l i t y  i s  being operated under t h i s  program. 

of t h i s  f a c i l i t y  a r e  described i n  R.eferences 1 and 2. 

t h i s  f a c i l i t y ,  t h e  e f f e c t  of temperature of  l i q u i d  sodium on t h e  

c a v i t a t i o n  damage r e s i s t a n c e  of 316 s t a i n l e s s  s t e e l  was s tud ied  

and the  r e s u l t s  were reported i n  t h e  previous progress  r e p o r t  

(Reference 3 ) .  
damage r e s i s t a n c e  of T-222, TZM, C b - l p M  and S t e l l i t e  6 B  a t  

400°F, a t  1000°F and 1500°F a r e  presented i n  t h i s  r e p o r t .  

add i t ion ,  high frequency f a t i g u e  of 316 s t a i n l e s s  s t e e l  and TZM 

i n  l i q u i d  sodium a t  1000°F and 1500°F i s  a l s o  reported.  S t r e s s  

cor ros ion  experiments on 316 s t a i n l e s s  s teel  i n  1000 F sodium 

a r e  descr ibed i n  t h i s  r epor t .  

T h e  d e t a i l s  

Using 

Fur ther  experimental  r e s u l t s  on t h e  c a v i t a t i o n  

I n  

0 

111. RESULTS AND DISCUSSION 

1. Cavi ta t ion  Damage Resistance of Five Candidate Metals 

T e s t  Conditions 

Cavi ta t ion  damage tests were conducted with a magneto- 

s t r i c t i o n  o s c i l l a t o r  l oca t ed  i n  a con t ro l l ed  environment t e s t  

f a c i l i t y  us ing  l i q u i d  sodium. 

be maintained around 35 ppm over an extended per iod of 8 hours 

(Reference 2 ) .  The t e s t  specimens were v ib ra t ed  with a double 

amplitude of 1.36 x lo'= inch a t  a frequency of about 1 4  kcs. 

The t e s t  procedure was based on t h e  d e t a i l e d  s tudy  r epor t ed  i n  

Reference 4. 

The sodium p u r i t y  a t  1500°F could 



HYDRONAUTICS, Incorporated 

-3- 

Mater ia l s  Tested 

The ma te r i a l s  t e s t ed  under t h i s  program a r e :  

( a )  316 s t a i n l e s s  s t e e l  

( b )  TZN 

( c )  T-222 

( d )  Cb-132M 

( e )  S t e l l i t e  6B 

The composition and t h e  known p r o p e r t i e s  of t h e s e  ma te r i a l s  

a r e  ou t l ined  i n  Reference 2. While 316 s t a i n l e s s  s t e e l  and 

S t e l l i t e  6B a r e  f a i r l y  w e l l  known, t h e  o the r  t h r e e  a l l o y s ,  TZM, 

T-222 and Cb-132M a r e  r e l a t i v e l y  new r e f r a c t o r y  a l l o y s  s p e c i f i -  

c a l l y  developed f o r  high temperature space a p p l i c a t i o n s .  

Cavi ta t ion  Damage Test Resul ts  

Figures  1 through 5 show t h e  e f f e c t  of t e s t i n g  t i m e  on 

the  r a t e  o f  damage i n  400°F sodium for a l l  of t h e  above f i v e  

metals.  A summarized p resen ta t ion  i n  Figure 6 r e v e a l s  t he  i m -  

por tance of knowing t h e s e  r e l a t i o n s h i p s  f o r  these metals i n  

o rde r  t o  eva lua te  t h e i r  r e s i s t a n c e  to c a v i t a t i o n  damage. I n  

t h e  s teady  s t a t e  zone where damage r a t e  i s  independent of t e s t -  

i n g  t i m e ,  t h e  f i v e  metals t e s t e d  a t  400°F may be  placed i n  t h e  

fol lowing order  of mer i t  s t a r t i n g  f rom t h e  b e s t :  

( a )  S t e l l i t e  6B 

( b )  Cb-132M 

( e >  T-222 

( d )  TZM 

( e )  316 s t a i n l e s s  s t e e l  
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An examination of Figure 6 shows t h a t  while T-222 r e q u i r e s  

fou r t een  hours t o  reach steady s t a t e ,  TZM reaches the s t eady  

s t a t e  i n  only three hours although t h e i r  mechanical p r o p e r t i e s  

( including s t r a i n  energy) alone cannot expla in  t h i s  l a r g e  v a r i a -  

t i o n .  The f a c t  t h a t  the curves cross  each o the r  i n d i c a t e s  t h a t  

each one of t h e  f i v e  m e t a l s  t e s t e d  e x h i b i t s  i t s  own charac te r -  

i s t i c  response which i s  no t  r e a d i l y  understood a t  t h i s  s t a g e  of 

knowledge. We b e l i e v e  t h a t  an explanat ion of t h e s e  s p e c i f i c  

response c h a r a c t e r i s t i c s  i s  poss ib l e  through a deeper  under- 

s tanding  of t he  behavior of t hese  metals t o  high r a t e s  of s t r a i n -  

i n g  a t  e levated temperatures and of  t h e  process  of  energy accumu- 

l a t i o n  during repeated loading. For example, the behavior of 

TZM and 316 s t a i n l e s s  s t e e l  o f f e r s  an i n t e r e s t i n g  comparison. 

While TZM e x h i b i t s  a h igher  peak i n  less than  f i f t e e n  minutes, 

316 s t a i n l e s s  s t e e l  damages more i n  t he  s t eady  s t a t e .  

shows the c a v i t a t i o n  damage r e s i s t a n c e  of t h e  f i v e  a l l o y s  i n  

sodium a t  1000°F and 1500°F, and Figure 8 shows photographs o f  

t h e  c a v i t a t i o n  damage p a t t e r n  i n  t h e  s t eady  s t a t e  zone (wish 

t h e  exception of S t e l l i t e )  a f t e r  exposure t o  1500 F sodium. 

Figure 7 

0 

A t y p i c a l  p l o t  of  t h e  r ec ip roca l  of t h e  r a t e  of volume 

loss versus t h e i r  es t imated (approximate) s t r a i n  energ ies  a s  

given i n  Reference 2 f o r  t h e  four  metals a t  normal s t r a i n  r a t e s  

( a t  which metals a r e  gene ra l ly  t e s t e d )  i s  shown i n  F igure  9. 
data  f o r  S t e l l i t e  6B i s  no t  p l o t t e d  s i n c e  i t  was n o t  t e s t e d  i n  

the  s teady  s t a t e  zone. I n  s p i t e  of t he  i r r e g u l a r  behavior pointed 

out  above, t h e  da ta  obtained g e n e r a l l y  confirm t h e  e a r l i e r  f i n d -  

ings  t h a t  t he  energy absorpt ion c h a r a c t e r i s t i c s  of  metals during 

The 
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f r a c t u r e  r ep resen t  t h e i r  c a v i t a t i o n  damage r e s i s t a n c e .  However, 

much more d e t a i l e d  and in t ens ive  i n v e s t i g a t i o n s  a r e  necessary 

f o r  confirming t h e s e  r e l a t i v e l y  l i m i t e d  r e s u l t s  because of t h e  

l a c k  of mechanical p rope r t i e s  a t  t h e s e  temperatures and a t  t h e s e  

high s t r a i n  r a t e s .  I n  f a c t ,  i t  has r e c e n t l y  come t o  our a t t e n -  

t i o n  t h a t  the  s t r a i n  energy estimated f o r  TZM i n  t h i s  r e p o r t  was 

based on t h e  s h o r t  t ime t e n s i l e  s t r e n g t h  of  t h e  r e c r y s t a l l i z e d  

ma te r i a l .  The  s h o r t  t ime t e n s i l e  s t r e n g t h  of s t r e s s - r e l i e v e d ,  

a s - r o l l e d  TZM i s  30 percent  lower than  t h a t  of t h e  r e c r y s t a l l i z e d  

form. 

2. High Frequency Fa t igue  Behavior of 316 S t a i n l e s s  S t e e l  and 
TZM i n  High Temperature Sodium 

To understand t h e  r e l a t i o n s h i p  between t h e  c a v i t a t i o n  dam- 

age r e s i s t a n c e  and the  environmental f a t i g u e  behavior of metals,  

high frequency f a t i g u e  t e s t s  on 316 s t a i n l e s s  s t e e l  and TZM were 

conducted i n  l i q u i d  sodium a t  two temperatures (1000 F and 

150OOF). 

duce t h e  r equ i r ed  a l t e r n a t i n g  s t r e s s e s  i n  a proper ly  designed 

f a t i g u e  specimen by means of t h e  magnetos t r ic t ion  o s c i l l a t o r .  

The d e t a i l s  of t h i s  technique and t h e  design procedures have 

been descr ibed i n  Reference 2. 

0 

The b a s i c  p r i n c i p l e  of t he  t e s t i n g  method i s  t o  pro- 

P a r t  o f  t h e  t e s t  program has been completed during t h i s  

r epor t ing  per iod.  The t e s t  parameters developed under t h i s  pro- 

gram f o r  t h e  success fu l  operat ion of t h e s e  t e s t s  a r e  summarized 

i n  Table 1. Figures  10 through 13 show the  r e s u l t s  o f  t h e s e  

f a t i g u e  tests f o r  316 s t a i n l e s s  s t ee l  and f o r  TZM a t  two tem- 

pe ra tu res  (lOOO°F and 1500°F) i n  pure  sodium. I n  Figure 11 
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t h e  r e s u l t s  of low frequency (4-5 cps)  f a t i g u e  t e s t s  on 316 s t a i n -  

l e s s  s t e e l  a t  1500°F i n  3 x t o r r  vacuum (Reference 5 ) a r e  

shown along with t h e  da ta  obtained from t h e  present  high f r e -  

quency f a t i g u e  data  i n  1500°F sodium a t  14000 cps. 

t h e  s t e e p  decrease i n  s t r e s s  l e v e l  o f  TZM (See Figure 13 f o r  

example) p o i n t s  out  t he  b r i t t l e  n a t u r e  of TZM a t  t hese  tempera- 

t u r e s .  The l a r g e  s c a t t e r  of t he  da ta  f o r  TZM can be accounted 

f o r  by ( a )  t h e  cold working p r o p e r t i e s ,  

homogeneity of t h i s  metal  and ( e )  p o s s i b i l i t y  of machining ir- 

r e g u l a r i t i e s .  

diameter rod s tock  which was i n i t i a l l y  s t r e s s  r e l i e v e d  f o r  

1/2 hour a t  2250'F. However, no f u r t h e r  hea t  t reatment  was ap- 

p l i e d  a f t e r  machining and pol i sh ing  t h e  f a t i g u e  specimens. The 

same remarks a r e  app l i cab le  t o  t h e  c a v i t a t i o n  damage specimens ., 

I n  add i t ion ,  

( b )  t h e  r e l a t i v e  i n -  

The TZM specimens were prepared from 1/2 inch  

Fur ther  f a t i g u e  experiments have been planned i n  sodium 

w i t h  200 k 50 ppm O2 impurity t o  s tudy  e f f e c t  of O2 impur i t i e s  

on t h e s e  two metals a t  temperatures of 1000°F and 15OO0F. 

3. S t r e s s  Corrosion Experiments on 316 S t a i n l e s s  S t e e l  

Another aspec t  o f  t h i s  program i s  r e l a t e d  t o  the s tudy  of 

t h e  s t r e s s  cor ros ion  behavior of 316 s t a i n l e s s  s t e e l  and TZM 

i n  high temperature l i q u i d  sodium. For t h i s  purpose, a s p l i t  

r i n g  type  of stress corrosion specimen has been s e l e c t e d .  The 

r e l a t i v e  merits of t h i s  type of specimen have a l r eady  been d i s -  

cussed (Reference 2 ) .  During t h i s  r e p o r t i n g  period, 316 s t a i n -  

l e s s  s t e e l  specimens wepe f ab r i ca t ed  and t e s t e d  a t  var ious 

stress l e v e l s  a f t e r  c a l i b r a t i o n .  
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The r e l a t i o n s h i p  between the  maximum d e f l e c t i o n  6v produced 

by a load P i n  a t h i n  s p l i t  r i n g  of th ickness ,  d and breadth,  b 

(see Figure  14), i s  given by the  fol lowing equat ion (Refesence 6) :  

6.rr pr3  

E bd3 
6 =  
V 

where 

E i s  t h e  modulus of e l a s t i c i t y  of t h e  ma te r i a l ,  and 

r i s  t h e  r a d i u s  o f  t h e  t h i n  r i n g .  

F igure  15 shows t h e  comparison between theory  and a c t u a l  measured 

va lues  of  load and d e f l e c t i o n  by means of a v a r i a b l e  r e l u c t a n c e  

f c r c e  gage. Furthermore, t he  maxlmum f i b r e  stress corresponding 

t o  a d e f l e c t i o n  EV i s  g iven  by 

EdFv 
o = -  

2 

By f a b r i c a t i n g  t h e  e n t i r e  specimen assembly from the  same 

ma te r i a l ,  no a d d i t i o n a l  s t r e s s e s  w i l l  be  introduced upon hea t ing  

a s  a l l  p a r t s  w i l l  expand equal ly  - however, t he  a p p r o p r i a t e  

va lue  of  t h e  Youngs modulus E f o r  the given temperature  must be 

used i n  c a l c u l a t i n g  t h e  s t r e s s e s .  
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A 60 hour t e s t  was performed i n  1000°F l i q u i d  sodium 
,-u ( - 35 ppm 02 impur i ty)  on 316 s t a i n l e s s  s tee l  a t  3 stress l e v e l s  

(100 percent,  75 percent  and 50 percent  of y i e l d  s t r e n g t h ) .  How- 

ever,  no stress corrosion cracking was observed i n  t h i s  t e s t  a s  

shown i n  Figure 16. 

I V .  CONCLUSIONS 

The following conclusions may be drawn f rom r e s u l t s  obtained 

thus  f a r  under t h i s  program. 

1. Re la t ive  cav i t a t ion  damage r e s i s t a n c e  exhib i ted  by 

the  f i v e  h igh  temperature a l loys  tested i n  t h i s  program depends 

upon zone of damage i n  which t h e  comparison i s  made. This re- 

s u l t  f u r t h e r  emphasizes t h e  n e c e s s i t y  f o r  ob ta in ing  d e t a i l e d  i n -  

formation on a l l  t he  fou r  zones of damage f o r  a meaningful com- 

par i son .  

2. Among t h e  me ta l s  t e s t e d ,  S t e l l i t e  6 B  seems t o  

possess t h e  b e s t  c a v i t a t i o n  damage r e s i s t a n c e .  I n c i d e n t a l l y ,  

t h i s  metal  possesses  t h e  highest  es t imated s t r a i n  energy among 

t h e  metals t e s t e d .  

3. While t h e r e  I s  genera l  evidence t h a t  t he  energy 

absorbing c h a r a c t e r i s t i c s  of these metals during f r a c t u r e  r ep re -  

s e n t  t h e  c a v i t a t i o n  damage r e s i s t ance ,  much more d e t a i l e d  i n -  

formation i s  necessary i n  t h i s  a r ea  of  r e sea rch  a t  high tempera- 

t u r e s  and a t  high s t r a i n  r a t e s .  
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4. A comparison between t h e  f a t i g u e  da ta  a t  4-5 cps 

us ing  316 s t a i n l e s s  s teel  i n  3 x i o m 5  t o r r  vacuum a t  1500°F 
and the  f a t i g u e  da ta  a t  14000 cps f o r  t h e  same metal i n  1500°F 

l i q u i d  sodium does not  show much dev ia t ion  between t h e  two re-  

s u l t s .  This r e s u l t  p o i n t s  o u t  t h e  absence of s t r a i n  r a t e  e f f e c t s  

and corrosion f a t i g u e  e f f e c t s  i n  t h e  present  f a t i g u e  t e s t s  with 

316 s t a i n l e s s  s t e e l .  

5. The s t r e s s  corrosion t e s t  on 316 s t a i n l e s s  s t e e l  

i n  1000°F l i q u i d  sodium up t o  a s t r e s s  of 100 percent  y i e l d  d id  

not  show any cracking over a t e s t  per iod of  60 hours.  

V. WORK TO BE ACCOMPLISHED DURING NEXT REPORTING PERIOD 

During t h e  next  repor t ing  per iod i t  i s  planned t o  complete 

t h e  f a t i g u e  tests t o  determine t h e  e f f e c t  of 200 ppm 02 con- 

taminat ion i n  l i q u i d  sodium. The stress cor ros ion  experiments 

w i l l  be completed. A few more t e s t s  on t h e  c a v i t a t i o n  damage 

r e s i s t a n c e  of 316 s t a i n l e s s  s t e e l  and TZM i n  l i q u i d  sodium con- 

taminated with 200 ppm oxygen w i l l  be  conducted. The da ta  w i l l  

be analyzed and the f i n a l  repor t  w i l l  be prepared. 
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FREQUENCY - 14 KCS 
DOUBLE AMPLITUDE-1-36 X INCH 

02 LEVEL - 35 ppm 

TZM 

T- 222 

316SS 

Cb 132M 

ST 66 
0.0 0.2 0.4 0.6 0.8 1.0 

RATE OF VOLUME LOSS mm3/hour 

TZM 

T- 222 

3 I6SS 

Cb 132M 

ST 68 
0.0 0.2 0.4 0.6 0.8 1.0 

RATE OF VOLUME LOSS mm3/hour 

FIGURE 7 - CAVITATION DAMAGE RESISTANCE OF REFRACTORY ALLOYS 
IN  HIGH TEMPERATURE LIQUID SODIUM 

(lOOOo AND 1500O F) 
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STELLITE 6 B  

T Z M  

316 S S  

C B 1 3 2  

T - 2 2 2  

F I G U R E  8 -PHOTOGRAPHS OF CAVITATION DAMAGE ON REFRACTORY 
METALS I N  P U R E  L I Q U I D  S O D I U M  U P 1 0  1500°F 
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P 

FIGURE 14- DESIGNATION FOR STRESS ANALYSIS IN A SPLIT RING SPECIMEN 
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FIGURE 16 -PHOTOGRAPH OF 316 S T A I N L E S S  S T E E L  S T R E S S  
CORROSION SPECIMENS AFTER 60 HOURS TEST IN 1000°F 

P U R E  L I Q U I D  SODIUM. (NO CRACKS APPEARED UP TO 100% YIELD) 
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ERRATA 

Please make the  following co r rec t ions  t o  t h e  f irst  

t e c h n i c a l  progress  r e p o r t ,  "Cavitation Damage I n  Liquid Metals, 'I 

by C .  E. Couchman, 111, H. S. P r e i s e r  and A .  Thiruvengadam, 

NASA CR-54332, TPR 467-1, HYDRONAUTICS, Incorporated,  Laurel,  

Maryland, 10 March 1965. 

Page 16: Formula should b e  changed t o  read c o r r e c t l y  a s  follows: 

Page 23: F i r s t  sentence should read - ( 2 )  S t e l l i t e  6B - A co- 

b a l t  based a l l o y  with a r e l a t i v e l y  moderate (1.1 p e r c e n t )  c a r -  

bon content ,  making it  one of the e a s i e r  of t h e  coba l t  a l l o y s  

t o  form and work. 

Page 23: 3rd  paragraph, last l i n e  should read - Excel lent  cor -  

ro s ion  r e s i s t a n c e  i s  probably due t o  t h e  formation of hafnium 

carb ides  


